The W -exchange process B s → η c (J/ψ)D is studied with the perturbative QCD approach.
The first evidence for B s production in e + e − annihilation at the Υ(5S) resonance was found by the CLEO collaboration [1] . Belle has accumulated 121 fb −1 data at the Υ(5S) resonance, including 7.1×10 6 B s B s pairs [2] . It is estimated that some 5.9×10 8 B s mesons in the dataset of 5 ab −1 at the Υ(5S) resonance in a New Snowmass Year (about 10 7 seconds of actual annual running time [3]) will be collected at the high luminosity e + e − asymmetric SuperKEKB [4] . More and more B s decays will have subjected the Standard Model and new physics to a series of increasingly stringent tests, through observables such as branching ratios, CP-violationg asymmetries and kinematic distributions.
In the naive spectator model, the general properties of the B s meson parallel those of the B u,d mesons. The close correspondences between B s and B u,d mesons allow for sensitive tests of hadronic models [2] . Hadronic B decays are complicated on account of strong interaction effects, meanwhile, they will have provided a great opportunity to study perturbative and nonperturbative QCD. For nonleptonic two-body B decays, the low-energy effective Hamiltonian ansatz and the factorization hypothesis are commonly used. In recent years, several attractive methods have been proposed and widely used to evaluate the hadronic matrix elements (where the local operators in the effective Hamiltonian are sandwiched between initial and final hadron states considered) based on an expansion in the QCD coupling constant α s /π and in the power Λ QCD /m Q (where Λ QCD and m Q are the QCD characteristic scale and the mass of heavy quark Q, respectively), such as the QCD factorization [5] , perturbative QCD method (pQCD) [6] , soft and collinear effective theory (SCET) [7] , etc.
Using the operator product expansion and renormalization group equation, the low energy effective Hamiltonian for the B s → η c (J/ψ)D decay can be written as [8] :
where G F is the Fermi coupling constant. The Cabibbo-Kobayashi-Maskawa (CKM) matrix factors V * cb V us (or V * ub V cs ) and the Wilson coefficients C 1,2 describe the strengths of the local four-quark operators in the effective Hamiltonian. α and β are SU(3) color indices. (qq ′ ) V −A hadronic matrix elements of the local operators properly and accurately.
Based on the principle of color transparency [10] and factorization scheme, the phenomenological treatment of the hadronic matrix elements for the W -exchange processes B s → η c (J/ψ)D is the same as that for pure annihilation topologies. Although the annihilation amplitude is formally power suppressed by Λ QCD /m b with the QCDF power counting conventions [5] , its contribution is indispensable for realistic B-meson decays [6] . The comprehensive analysis of B u,d → P P , P V decays without taking into account the annihilation contributions is generally of poor quality [11] (P and V denote the pseudoscalar and vector mesons, respectively). Study of B s → η c (J/ψ)D decay will help to improve our understanding of the annihilation effects.
Analogous to the analysis for hard exclusive scattering amplitudes [12] , the hadronic matrix element is commonly expressed as a convolution of scattering kernels with the universal wave functions of the participating hadrons [5, 6] , where nonperturbative dynamics either cancel or is absorbed into hadron wave functions (WFs). However, the annihilation effects in the collinear approximation exhibit endpoint singularities (ES) for charmless mesonic B decays, displaying inconsistency of the QCDF formula [5] .
To deal with ES in convolution integrals, many attempts will have been made.
(1) A phenomenological parameterization of ES in annihilation contributions is originally proposed by QCDF itself [5] , which ont only introduces uncertainties in the QCDF's prediction of observables, especially for annihilation dominated processes [11] , but also provide no constraint on magnitudes of strong phases relevant to CP violation.
(2) ES is removed by separating the physics at different momentum scales using the zerobin subtraction to avoid double counting of soft degrees of freedom in SCET [13] , while the imaginary part of the amplitude is also dropped at the leading power in α s Λ QCD /m b .
(3) The infrared finite gluon propagator and running coupling constant [14] , or/and Cutkosky rules [15] for the quark propagators, are used to serve as a natural cutoff , which has already been applied to B decays into two mesons [16] [17] [18] . However, it is claimed [18] that different predictions on branching ratios can be obtained with different solutions of the Schwinger-Dyson equations for gluon propagator and coupling constant due to different truncations and approximations.
(4) By keeping the parton transverse momentum k T , and employing the Sudakov factors to smear the double logarithm in QCD radiative corrections and to suppress the endpoint contribution of hadron wave functions in small transverse momentum region, ES in collinear approximation is eliminated with the pQCD approach, and the strong phases are perturbatively calculated [6] . An example is the recently renewed study on the pure annihilation decays B s → π + π − and B d → K + K − with the pQCD approach [19] which are in good agreement with the CDF and LHCb measurements.
Despite disputes as to which one of above treatments is more effective than others, we will study the B s → η c (J/ψ)D decays with the pQCD approach to give a rough estimate of their branching ratios. Based on k T factorization, the typical expression for the decay amplitudes with the pQCD approach can be expressed as
where C, H, Φ, and e −S are Wilson coefficient, hard-scattering kernel, hadron WFs, and
Sudakov factor, respectively. The typical scale t depends on topology and process. For convenience, the kinematics variables are described by light cone coordinate. The momenta of the valence quarks and hadrons in the rest frame of the B s meson are defined as follows:
where
tum, transverse momentum and longitudinal momentum fraction of light quark of meson, respectively. ǫ 2 is the longitudinal polarization vector of J/ψ meson. In the rest frame of B s meson, E i is the energy of particle i, and p is the common momentum of final state.
The basic input element in Eq.(2) -WFs -is defined by the nonlocal bilinear quark operator matrix element [21] .
where N c = 3 is the color number. n − and n + are null vectors, and n + ·n − = 1.
Here, the distribution amplitude of D meson given in [20] is used,
For WFs of η c and J/ψ mesons, φ v ηc and φ L ψ are twist-2; φ s ηc and φ t ψ are twist-3. They can be extracted from the Schrödinger state with dynamical potentials [21, 22] . We will consider two kinds of WFs corresponding to harmonic-oscillator and Coulomb potentials.
Their expressions are listed in [22] . One is the harmonic-oscillator (O) type
The other is the Coulomb (C) type
where f J/ψ and f ηc are decay constants. 
The relation of Eq. (24) is sometimes referred to as "Wandzura-Wilczek relation" [25] . It is helpful in constraining models for WFs, which leads to φ + B (x) vanished at the endpoint and φ − B (x) = O(1) for x → 0 [26] . Here we will investigate three models of WFs for B s meson. The first one is the exponential (GN) type suggested in [27] , i.e.,
The second one is the Gaussian (KLS) type proposed in [28, 29] , i.e.,
where the constant C KLS is chosen so that φ
KLS− Bs
(1, b) = 0. The third one is the KKQT type derived by QCD equation of motion and heavy-quark symmetry constraint [24, 30] , i.e.,
In Eq.(25-30), f Bs is the decay constant. ω i is the shape parameters. The normalization conditions is
Within the pQCD framework, the Feynman diagrams for 
where p is the center-of-mass momentum.
The input parameters in our numerical calculation are collected in TABLE. I. If not specified explicitly, we shall take their central values as default input.
Our study show that (1) contributions of FIG.1 (a-c) can provide large strong phases, which is consistent with pQCD's statement [6] . The interference between factorizable dia- The corresponding U-spin process B d → η c (J/ψ)D(D) has been studied [35] [36] [37] [38] . In [35] , it is argued that if the intrinsic charm inside B meson is not much less than 1%, branching ratio for B 0 (bdcc) → η c (J/ψ)D decay is ∼ 10 −4 , which is larger than the present experimental upper limit < 1.3×10 −5 [9] . Based on collinear factorization scenario, the
decay is investigated in [36] with the approach for exclusive processes [12] , where narrow δ-function like WFs are used. The small overlapping among WFs results in branching ratio being about 10 −7 ∼ 10 −8 [36] . This issue is renewed in [37] with pQCD approach in the framework of k T factorization. By keeping the parton transverse momentum and taking the WFs for cc final states given in [21] , it is found that branching ratio for
decay is bout 10 −5 ∼ 10 −7 [37] . Considering the final state interactions, branching ratio for B d → J/ψD is estimated to be 10 −5 ∼ 10 −6 [38] . The results in [36, 37] have similar hierarchic structure due to kinematics and dynamics, i.e., BR(
The method used in our study is the same as [37] , and similar WFs for η c (J/ψ) is employed (in our study, the small relativistic corrections to the WFs are neglected and two types of WFs are considered). A consistent estimation is obtained between ours and [37] , using the rate
It is well known that the pure annihilation process B s → π respectively. They could be measured in the near future.
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